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We have studied the electronic structure and the magnetism of Cu-doped ZnO nanowires, which 
have been reported to show ferromagnetism at room temperature [G. Z. Xing et al., Adv. Mater. 
20, 3521 (2008).], by x-ray photoemission spectroscopy (XPS), x-ray absorption spectroscopy (XAS) 
and x-ray magnetic circular dichroism (XMCD). From the XPS and XAS results, we find that the 
Cu atoms are in the "Cu"^"''" state with mixture of Cu^^ in the bulk region (~ 100 nm), and that 
"Cu^"''" ions are dominant in the surface region (~ 5 nm), i.e., the surface electronic structure of 
the surface region differs from the bulk one. From the magnetic field and temperature dependences 
of the XMCD intensity, we conclude that the ferromagnetic interaction in ZnO:Cu NWs comes from 
the Cu^^ and "Cu^^" states in the bulk region, and that most of the doped Cu ions are magnetically 
inactive probably because they are antiferromagnetically coupled with each other. 

PACS numbers; 75.75.-c, 75.30.-m, 75.50.Pp, 78.20.Ls 



I. Introduction 

Diluted magnetic semiconductors (DMSs), where 
transition-metal (TM) ions are doped into the ZnO hosts, 
are currently receiving intense attention due to the possi- 
bihty of utihzing both charge and spin degrees of freedom 
in the same materials, allowing us to design new gener- 
ation spin electronic devices Ferromagnetic ZnO- 
based DMSs have been predicted to have Curie temper- 
ature (Tc) above room temperature (RT) 0, making 
spintronics applications of ZnO promising. However, a 
recent work [6| has suggested that structurally perfect 
ZnO-based DMSs do not exhibit ferromagnetic order, but 
that not only the magnetic dopants themselves but also 
vacancies are necessary for ferromagnetism. 

Recently, Cu-doped ZnO (ZnO:Cu) DMS has attracted 
much attention because of the observations of RT fer- 
romagnetism [7, ^]. A recent x-ray magnetic circular 
dichroism (XMCD) study on ZnO:Cu films has sug- 
gested a microscopic indirect double-exchange model, in 
which the alignment of localized moments of Cu^"*" in the 
vicinity of an oxygen vacancy is mediated by the large- 
sized vacancy orbitals through Cu"'"-Cu^"'" ferromagnetic 
interaction. Although this experimental work Q sug- 
gests ferromagnetic interaction between the doped Cu 
ions via oxygen vacancies and the importance of elec- 
tron doping for ferroma gnet ism in ZnO:Cu, a recent 
first-principle calculation [lOj has indicated that p-type 
ZnO:Cu shows ferromagnetism but n-typc ZnO:Cu would 
not have local magnetic moment. Also, an XMCD study 
by Thakur et al. [llj has shown that Cu^+ and Cu'^^ 



ions in ZnO:Cu DMS are magnetically active. If the 
divalent Cu ions are converted from divalent to triva- 
lent due to Zn vacancies as pointed by Ganguli et al. 
p^ . Thakur's work [ll[ may imply hole- mediated fer- 
romagnetism in ZnO:Cu. Also, experimental results Q 
using scanning electron microscopy (SEM) and transmis- 
sion electron microscopy (TEM) suggest that structural 
imperfections due to Cu diffusion yield a greater overall 
volume occupied by bound magnetic polarons (BMPs), 
promoting the creation and percolation of ferromagnetic 
regions. Thus, no consensus on the origin of the ferro- 
magnetism in ZnO:Cu has been achieved from the elec- 
tronic structure point of view. In order to clarify the is- 
sue, fundamental understanding the electronic structure 
of doped Cu ions in ferromagnetic ZnO:Cu is essential. 



In the present work, we have performed x-ray pho- 
toemission spectroscopy (XPS), x-ray absorption spec- 
troscpy (XAS) and XMCD measurements on ZnO:Cu 
nanowires (NWs). The electronic configuration of the 
doped Cu ions has been determined by XPS and XAS. 
Note that the line shape and the peak energies of the 
Cu 2p XPS spectrum are sensitive to the electronic con- 
figuration of the Cu ion [l3| . Ferromagnetic interaction 
between Cu ions has been studied by the combination 
of surface- and bulk-sensitive Cu 2p-3d XMCD measure- 
ments. 
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II. Experimental 



Details of the sample preparation of ZnO:Cu NWs were 
described in Ref. m. The ZnO NWs were grown by va- 
por phase transport inside a horizontal quartz tube fur- 
nace (Lindberg/Blue Mini-Mite). To obtain the sample 
ZnO:Cu (Cu~2.2%) NWs, a 2 nm layer of Cu was sput- 
tered onto the surface of the vertically aligned nanowires, 
followed by a thermal treatment in air at temperatures 
between 600 and 800 °C for 8 h. Structural characteri- 
zation was carried out by x-ray diffraction (XRD), SEM 
and TEM, demonstrating a clear NW phase with no sec- 
ondary phase f^. The ZnO:Cu NW is a column-shaped 
crystal (not a hollow pillar), and the diameter and length 
were 120-400 nm and 4 /xm, respectively. We refer to the 
surface layer of ~5 nm thickness of the NW as the sur- 
face region. Note that a secondary ion mass spectroscopy 
study revealed inhomogeneous distribution of Cu atoms 
in this sample. 

XAS and XMCD measurements were performed at the 
Dragon Beamline BL-llA of National Synchrotron Ra- 
diation Research Center (NSRRC), Taiwan. The spectra 
were taken both in the total-electron-yield (TEY: prob- 
ing depth ^ 5 nm) and the total-fluorescene-yield (TFY: 
probing depth ^ 100 nm) modes. The monochromator 
resolution was i?/Ai?> 10000 and the circular polariza- 
tion of x-rays was 60%. XPS measurements were per- 
formed using the photon energy of hi' =1253.6 eV (Mg- 
Ka). Photoelectrons were collected using a Scienta SES- 
100 electron-energy analyzer. The energy resolution was 
about ~ 800 meV. 



III. Results and discussion 

Figure 1 shows the Cu 2p XPS spectra of ZnO:Cu and 
various copper oxides CU2O |13|, CuO and NaCu02 
[l3 |. For ZnO:Cu, one can see a small satellite feature 
around 945 eV, reflecting the ionic character of doped 
Cu atoms. By comparing the XPS line shape of ZnO:Cu 
with those of the other oxides, it is likely that the elec- 
tronic structure of the doped Cu ions is similar to that 
of Cu ions in NaCu02. Thus, we assigned the main peak 
and the satellite feature of ZnO:Cu to 2p'id}^L? {p — 
Cu 2p hole, L = ligand hole) and 2p3dPL final states, 
respectively. Although NaCu02 is known as a formally 
Cu"^"*" insulator, we note that the notation Cu'^"'" does not 
necessary imply the pure 3d® configuration but includes 
strong influence of Cu 3d— O 2p covalency [l^ [l^. In 
Cu'^+ oxides, in fact, the wave function of the Cu ion fun- 
damental state is a linear combination of the 3d^, 3dPL 
and Sd^^l/ configurations. From XPS results, we suggest 
that, within the probing depth region of XPS measure- 
ment (~5-10 nm), the doped Cu ions in ZnO:Cu NWs 
are Cu^+ dominated by 3(fL and 3d^°L^. 

Figure 2 shows the Cu 2p— >-3c? XAS spectra of the 
ZnO:Cu NWs and various copper oxides CU2O, CuO 
[13, NaCuOs [13 and La2Lio.5Cuo.5O4 \M- The main 



n 



1 ' 1 ' 

Til 7n YPS A 
v^u ^p yvr kj / i 


1 ' 

Cu 




[(surface) 


\ ZnO:Cu 


ip_WLm 


NaCuOz 










lp},d>r~-\ 1 


\ CuO 


1,1, 


A CujO 
1" . 



950 940 930 
Binding energy (eV) 



FIG. 1: (Color online) Cu 2p XPS spectra of the ZnO:Cu NWs 
and other copper oxides CU2O il3i], CuO [H, and NaCu02 
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FIG. 2: (Color online) Cu 2p^3d XAS spectra of the ZnO:Cu 
NWs and other copper oxides CU2O, CuO [13, NaCu02 [13 
and La2Lio.5Cuo.5O4 [13 ]. 
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peaks in the spectra of NaCu02 and La2Lio.5Cuo.5O4 
are considered to originate from the 2p3(f^L final state 
due to the 3d^L ground state. The weak feature around 
931 eV in the spectrum of NaCu02 is an extrinsic sig- 
nal due to the 3(f ground state of Cu^"*" impurities 
[m [l6j . The satellite structure of the XAS spectrum of 
La2Lio.5Cuo.5O4 18| is considered to originate from the 
2p3dP final state due to the Scf" ground state. Note that 
the satellite structure cannot be observed in the spec- 
trum of Cu^ and Cu^"^ compounds. In the spectrum of 
NaCu02 [IT] , the satellite intensity is small compared to 
that of La2Lio.5Cuo.5O4 [ll], reflecting the stronger Cu 
3d— O 2p covalency in NaCu02 than La2Lio.5Cuo.5O4. 

In the spectrum of ZnO:Cu, although the Cu 2p^/2 
main peak position of the XAS spectra taken both in the 
surface-sensitive TEY and bulk-sensitive TFY modes is 
same, the line shape is different. This reflects differences 
in the electronic structure between the bulk and surface 
regions of the ZnO:Cu NWs. Now, we discuss differences 
in the electronic structure between the surface and bulk 
regions of the ZnO:Cu NWs. By comparing the peak 
position and line shape of the XAS spectrum of ZnO:Cu 
taken in the TEY mode with those of the Cu oxides, we 
flnd that, in the spectrum of ZnO:Cu, the main peak A 
originates from the 2p3d^'^L final state due to the 3(PL 
ground state because main peak A is located at the same 
energy position with the main peak position of NaCu02 
and La2Lio.5Cuo.5O4. The finding that the doped Cu ions 
in the surface region 5 nm) are Cu'^"'", i.e., Cu^+ states 
plus oxygen p holes, is consistent with the XPS results. 
On the other hand, in the spectrum taken in the TFY 
mode, the satellite structure B around 940 eV and the 
feature A' in the leading-edge of the Cu 2^3/2 main peak 
were observed in addition to the main peak A. We find 
that feature A' is located at the same energy position 
with the main peak position of CuO [l3] and that the 
feature originates from the 3(f states, that is, Cu^+. This 
indicates the presence of Cu^+ states in the bulk region of 
ZnO:Cu. In addition to this, the satellite structure B due 
to 3(P are observed only in the spectrum of ZnO:Cu taken 
in the TFY mode. This means that Cu 3d-0 2p covalency 
in the surface region is stronger than that in the bulk 
region. From the XAS results, we suggest that the surface 
electronic structure of the surface region differs from the 
bulk one and that the electronic structures of the doped 
Cu atoms in the surface and bulk regions of ZnO:Cu are 
predominantly Cu'^'*' and Cu^'''/Cu"^+, respectively. 

Finally, we discuss the magnetism of Cu ions in the 
ZnO:Cu NWs. Figures 3(a) and (b) show the Cu 2p-^3d 
XAS and XMCD spectra of the ZnO:Cu NWs, respec- 
tively, taken both in the TEY and TFY modes at RT and 
H = ±1T. In Fig. 3(b), the XMCD signal is normahzed 
to the XAS intensity. Note that the XMCD strength is 
free from the diamagnetism of the substrate. The XMCD 
signal taken in the TEY mode is weak or negligible, in- 
dicating that the Cu"^"*" states in the surface region 5 
nm) are magnetically inactive. On the other hand, clear 
XMCD signal was observed in the spectrum taken in the 
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FIG. 3: (Color online) Cu 2p-^3d XAS (a) and XMCD (b) 
spectra of the ZnO:Cu NWs at RT and H =±1T. Magnetic 
field (c) and temperature (d) dependences of the XMCD in- 
tensities. 
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FIG. 4: (Color online) A schematic of magnetic interactions 
in ZnO:Cu NWs. 



TFY mode [see Fig. 3(b)], which has the probing depth 
region of ^ 100 nm and hence probes the entire NW. 
The XMCD signals are located at the same energy posi- 
tions with the peak positions due to the Cu^"*" and Cu'^"'" 
states. The Cu 2p^3d XMCD intensity is about '-1. 3%, 
indicating that a small amount of the Cu^^/Cu'^'*' states 
in the bulk region is magnetically active in the ZnO:Cu 
NWs. The fact that the Cu^+/Cu'^+ states are magneti- 
cally active is consistent with Thakur's work [T^. How- 
ever, the facts that Cu^"*" states mainly exist in the sur- 
face region (^ 5 nm) and that clear Cu 2p— >-3d XMCD 
signals were not observed when taken in the TEY mode 
disagree with Thakur's work. It is likely that the incon- 
sistency can be attributed to the different samples (films 
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vs NWs). Figures 3(c) and (d) show magnetic field and 
temperature dependences of tlie Cu 2p^3d XMCD in- 
tensity, respectively, taken in the TFY mode. Following 
a previous XMCD study of DMS I?] , we confirmed the 
presence of ferromagnetism by linear extrapolation of the 
XMCD intensity to zero field [see Fig. 3(c)]. Based on 
the XMCD intensities taken in the TFY mode, we sug- 
gest that only a small portion 1%) of Cu ions in the 
bulk region are ferromagnetic (FM). On the other hand, 
we could not observe a clear paramagnetic (PM) com- 
ponent due to the remaining (~ 99%) Cu ions, because 
the intensities of the XMCD signals, taken in the TFY 
mode, were unchanged with magnetic field. Therefore, 
as shown in Fig. 4, we conclude that the FM interaction 
of ZnO:Cu NWs comes from the Cu^+ and Cu^+ states 
in the bulk region and not in the surface region. Also, it 
is likely that, in the bulk region, FM and antiferromag- 
netic (AFM) interactions coexist and that most of the 
doped Cu ions in the bulk region are antiferromagneti- 
cally coupled with each other. Our result suggests that 
the coexistence of the Cu^+ states, which are mainly due 
to the 3(fiL ground states, i.e., Cu^"*" states plus oxygen 
p holes, and the Cu^"*" states triggers the ferromagnetism 
in ZnO:Cu NWs. 



2p— s-3(i XAS results, we suggest that the electronic struc- 
tures of the doped Cu atoms in the surface (~ 5 nm) and 
bulk 100 nm) regions of ZnO:Cu are predominantly 
"Cu3+" and Cu2+/"Cu3+", respectively. XMCD signals 
due to ferromagnetism were observed at the Cu 2p ab- 
sorption edge taken in the TFY mode. From the mag- 
netic field and temperature dependences of the XMCD 
intensity, we conclude that the FM interaction of ZnO:Cu 
NWs comes from the Cu^+ and "Cu^+" states in the bulk 
region and that most of the doped Cu ions are magneti- 
cally inactive probably because they are antiferromagnet- 
ically coupled with each other. Our result suggests that 
the hole doping in ZnO:Cu NWs plays an important role 
in the ferromagnetism. 
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